Abstract: There is a large body of literatures regarding the choice and optimization of different processes for bioethanol and bio-commodities production. However, most of these works are focusing either on single unit of operation or single conversion facility. As these operations are heavily related, it is essential to consider all of them at the supply chain level. In this work, an optimization model for biomass to ethanol supply chain is developed, which takes into account economics and environments as primary objectives. The developed model is used to compare the efficiency of several pre-treatment methods: Dilute-Sulphuric acid, Organosolv and Soaking in Ethanol and Aqueous Ammonia pre-treatment methods, together with Thermochemical conversion in Minnesota, USA. It can be concluded that currently, Dilute-Sulphuric acid pretreatment is still the most profitable method for ethanol production. However, Organosolv pre-treatment process is the most promising technology accessed since it captures most of the lignin present in the feedstock, which is a significant source of CO 2 emission if sent for combustion. We believe that the future of technology selection for biomass conversion should be focusing on the holistic view of the entire supply chain, and our approach represents a dependable way to obtain the required results.
Introduction
The globalization wave of the recent years has brought forward significant humanitarian and environmental concerns such as population growth, depletion of natural resources and climate changes [1] . Looking at the scarce fossil fuel resources, renewable energy, particularly biofuels, seems to be the most viable alternative resource at the present day. Because of this, countries have set ambitious biofuel targets in the near future. The US Renewable Fuels Standard program (RFS2), mandates that by 2022, at least 36 billion gallons per day of renewable fuel be blended into motor-vehicle fuel, and over 80% is required to be based on cellulosic feedstock such as crop residues (e.g. stover) and dedicated energy crops (e.g. switchgrass and miscanthus) [2] . In Europe, it is set that by 2020; the EU's 10% target of energy use in the transport sector is achieved using both first-and second-generation biofuels, in the ratio 70:30 [3] . With these targets in mind, the efficiency of the conversion technologies used for biofuel is vital. However, more importantly, a holistic approach towards the overall biofuel supply chain needs to be engaged with appropriate presentation methods to monitor these varied technologies and their process parameters, in order to maximize the economic benefits and minimize additional environmental problems.
Through the years, many researches are proposed using economics as the only main objective in the modelling of general supply chain, as it is of major importance in the existence of a company. There are a lot of literatures focusing on the minimization of costs or maximization of profits. Beamon [4] summarised some major performance measure in supply chain modelling. Among them, more than half of those performance measures are related to costs. Zhang [5] presented a heterogeneous supply chain involving multiple products competing for multiple markets while Nagurney [6, 7] proposed a new theoretical framework focusing on profit maximization in terms of horizontal merger. You et al. [8] uses mixed integer non-linear programming for economic and responsiveness targets of multi-echelon supply chains. Similarly, when it comes to topics related to the economics of biofuel supply chain, a lot of researches are done, such as the work by Caputo et al. [9] and Kumaran et al. [10] . Dunnett et al. [11] demonstrated the use of mixed integer linear programming model to determine production capacity allocation, optimized layout and flow of a distributed network of a biomass to heat supply chain system using a state-task-network approach. Franceschin et al. [12] and Giarola et al. [13] addressed the design of the bioethanol SC under multiple technological options with the help of mixed integer linear programming optimization and Hosseini et al. [14] described the key challenges in bioenergy supply chain modelling and developed a framework and methodology to show how multi-scale modelling can answer these supply chain questions.
On the other hand, life cycle analysis is seen as the main tool for environmental supply chain management. It is a technique for gathering data on environmental care issues which can be used to restructure supply chain in order to improve the environmental performance of those supply chain [15] . It is essential to incorporate environmental costs into life cycle analysis; as such costs are now part of ISO 14000 environmental management standards. US Environmental Protection Agency (USEPA) in 1995 mentioned in one of their reports that "hidden and unaccounted environmental costs hinder efficient environmental management systems. Without environmental cost information, well-informed decisions on environmental management and investment cannot be made" [16] . Life cycle cost analysis model is proposed as an improvement towards the life cycle analysis model. Lots of researches are done in the field of life cycle cost analysis, such as Fabrycky and Blanchard [17] , Dahlen and Bolmsjo [18] and Woodward [19] . Kumaran et al. [10] proposed the concept of life cycle environmental cost analysis, to include eco-costs into the total cost of the products. Ultimately, it aims to reduce the total cost with the help of green or eco-friendly alternatives in all the stages of the life cycle of any product. Although much work has been done in the direction of economic and environmental optimizations for biofuel supply chain individually, little progress has been made on merging economic with environmental objectives, targeting specifically towards the biofuel supply chain [15] .
In the field of biofuel supply chain, there is a large body of literatures regarding the choice and optimization of different processes for converting feedstock to bioethanol and bio-commodes. Moreover, there has been some reasonable technological development in bioconversion methods over the past decide. However, a question that has gone unconsidered in the literature is how technological developments in processing technologies and the life cycle of bioethanol feedstock will affect the overall supply chain [14] .
In this research, we present an optimization study of such topic on biomass to ethanol supply chain. The study takes into consideration economics and environmental impacts as primary objectives. Our aim is to maximize the economic gain in terms of profit as well as the process yield of the biomass to ethanol conversion technologies, yet minimize the environmental impacts from the supply chain prospective. Process yield is considered in terms of main and by-products incomes, and various costs such as biomass costs, fix and variable costs, taxations, subsidies, as well as distribution costs are all considered in the model. The entire supply chain is divided into several life cycle stages and the greenhouse gas emissions of each stage are calculated, based on the process yield. This environmental impact is then converted into carbonequivalent units and monetary value, adding to the existing financial objectives.
We have applied the developed model in a case study in Minnesota, USA, comparing the efficiency of biochemical conversions and thermochemical conversion from stover to ethanol and other by-products. DiluteSulphuric acid, Organosolv and Soaking in Ethanol and Aqueous Ammonia pre-treatment methods from the biochemical conversions are investigated together with thermochemical conversion and the technology with the highest future potential is identified using the mathematical model setup above. Two scenarios are setup to look into the effects of heat and power generation (combustion) via lignin as well as simply selling the lignin as one of the by-products from the production of ethanol. Sensitivity analysis is also performed to evaluate the performances of the conversion technologies under constant stover inputs. Finally conclusion is made and future work is suggested.
Biomass Conversion Technology
In terms of conversion technology, two main chemical processes that can achieve the production of ethanol from lignocellulosic biomass are: (1) biochemical conversion and (2) thermochemical conversion. The main difference between them is the pre-treatment step of the process. The biochemical conversion involves four main unit operations: (1) pre-treatment (including grinding and milling), (2) hydrolysis, (3) fermentation, and (4) product purification (distillation). In the first step, the macroscopic and microscopic structures of biomass are first broken down via grinding and milling so that simpler hydrocarbon fractions in the complex structure of hemicellulose can be easily hydrolysed into monomeric sugars [20] . Via pre-treatment, the lignin sealant is broken and the crystalline structure of cellulose is distorted, making the cellulose and hemicellulose more accessible to enzymes. The hydrolysed sugars are then converted to ethanol in the fermentation step; with the fermentation broth being purified via distillation to recover high yields of ethanol [20] .
There are three biochemical pre-treatment methods that we consider in this research, namely Dilute-Sulphuric acid pre-treatment, Organosolv pre-treatment and Soaking in Ethanol and Aqueous Ammonia pre-treatment. Dilute-Sulphuric acid pre-treatment uses sulphuric acid to fractionate stover into cellulose (glucan) and hemicellulose (xylan). The cellulose conversion is also referred to as enzymatic digestibility and the larger the conversion of hemicelluloses in the pretreatment stage, the easier it is going to be for the enzymes to access the cellulose components of the biomass to convert them to fermentable sugars. The Organosolvation is a delignification process that uses an organic solvent or its aqueous solution (e.g. ethanol, methanol, acetone) and can be in the presence of catalysts such as NaOH to remove lignin and aid the hydrolysis of the hemicellulose and cellulose portions. It is believed that lignin is the main obstacle in enzymatic hydrolysis [21] . Therefore delignification process is a very promising technology to achieve high enzymatic digestibility, increasing the accessible surface area and pore volume of lignocellulosic biomass [22] . The used organic solvent is recovered and recycled back in the pre-treatment process. Regarding the choice of organic solvent to be used, it has been investigated that a low boiling point alcohol, such as methanol or ethanol should be used, so that the recovery of the solvent by distillation becomes easier of lower energy requirement [22] . Soaking in Ethanol and Aqueous Ammonia pre-treatment is a method derived from Soaking in Aqueous Ammonia and is another delignification pre-treatment process in which an aqueous solution of ethanol and ammonia is added to the lignocellulosic feedstock to produce cellulose (glucan) and hemicellulose (xylan) [23] .
The other alternative method is the thermochemical conversion. This method is quite important since almost one third of biomass -accounting for the ligninrich components-is not converted to ethanol through biochemical conversion [24] . In the thermochemical conversion, there is no pre-treatment method, as the lignocellulosic biomass is initially vaporised to produce an intermediate synthesis gas, mainly consisting of carbon dioxide and hydrogen. The syngas produced by gasification is then cooled and condensed to remove acid gases such as CO 2 and H 2 S, and then passed through a fixed-bed molybdenum-sulphide catalyst to synthesize alcohols. The alcohols are then condensed and undergo distillation to recover the pure ethanol [25] . The main by-products of thermochemical conversion of lignocellulosic biomass is the CO 2 , removed from the syngas and vented to the atmosphere, as well as C3+ alcohols that are left from the ethanol recovery, which can be sold as creditable by-product [25] . Figure 1 shows a generic biofuel supply chain setup, from the suppliers to the end customers. The supply chain starts with the suppliers, which can be the farmers/biomass providers. Once the biomasses are collected, they are sent for processing, into the desired moisture and types before they are transported into the plants for further operations. The pretreatment processes can take place onsite of offsite of the biofuel production plant. After the main and by-products are produced, they are sold to the respective customers for sale or transported for disposal.
Methodology and Assumptions
In this research, a biofuel supply chain has been developed and modelled, accounting for all processes within cultivation, transportation, conversion and distribution. In order to better analyse the mentioned biofuel supply chain, we have divided the model into four constituent processes: 1. Suppliers 2. Biomass pre-treatment & biomass transportation 3. Operation/Processing 4. Production transportation to the customers The environmental performance of the supply chain has been evaluated in terms of greenhouse gas emissions. We measure carbon dioxide, CO 2 , methane, CH 4 , and nitrous oxide, N 2 O, and expressed these gases into carbon dioxide equivalent emissions according to information from Intergovernmental Panel on Climate Change. The life cycle environmental cost analysis method, as presented by Kumaran et al. [10] has been utilized to analyse the environmental contribution of the supply chain modelled, by converting the CO 2 equivalent emissions into monetary values to be included in the economic objectives of the study. The environmental aspects of the modelling methodology are based on the approach presented by Hugo et al. [26] and Franceschin et al. [12] and Giarola et al. [13] .
Each block of the proposed supply chain in Figure  1 can be further divided into sub-generic supply chain block representation shown in Figure 2 . For instance, economic parameters for biofuel yields of the conversion technologies (e.g. biomass capacity, biofuel conversion factors, capital and operating costs, taxes and subsidies) are seen as the primary input of the supply chain block. When comes to market attribute of biofuel and biomass components (e.g. biomass and biofuel purchase and sale prices, by-product disposal), these can be classified as the primary output of the block. Auxiliary input consists of all other secondary inputs of the block, such as the requirements for the production of by-products (e.g. production conversion, production requirement, costs). Finally, sale prices and disposal costs are considered as auxiliary outputs (by-products) of the block.
As noted in this study, the objective of the model is to optimize the economic gain of the entire supply chain in terms of profitability. At the same time, the environmental performance of the supply chain will also be investigated, in terms of the greenhouse gas impact on the overall supply chain. By using these two contradicting objectives, the aim of the research is to investigate for the most promising and efficient biofuel conversion technology, among a list of technologies at the supply chain level. Although biofuel supply chain has been chosen to be modelled, as it is a very illustrative example of the correlation between economic and environment, supply chains of other industries can be potentially benefit from this generic model as well.
Some important assumptions used in this research are listed below: -The by-products are produced along with the main products, thus it is assumed that there is no additional resources needed for these by-products. -The demand for the main-and by-products are greater than the supply (i.e. we do not consider separate storage & its relevant costs). -The model is considered in the discrete time frame. -The productions within the plant are linear (i.e. from the biomass to the main-and by-products) -The environmental cost is not considered in the cultivation, as it has been assumed to be a function of the conversion technology. -The unit market prices of all the products (biomass, main and by-products) are consistent. 
Model Setup
Based on Figure 2 
Economic Model
To better reflect the usefulness of using a specific conversion technology for the biofuel supply chain, we look into net present value, which is a good indicator on how much value an investment or a project adds to the firm. Thus the main objective function in this study is to evaluate the economic gain, in terms of net present value, of the biofuel supply chain: Maximize i.e.
(
Since we are calculating the profit in the future planning horizon, it is essential that we take into consideration of discount factor, dft, which is a factor future cash flow must be multiplied in order to obtain the present value, to take into account of the future inflation of the monetary value: r is the interest rate that fluctuates over time . Profit after tax is determined by removing tax component from profit before tax, and also the environmental costs. If subsidies are given to the conversion technology, they can be added to form equation in (3):
Similar to (3), we consider the profit after tax for the cultivation by taking the profit before tax of the site, add any subsidies given, and deduct any tax that needs to be paid. This is shown in (4): (4) 
Conversion Technology
In order to determine the profit before tax for the conversion technology, fixed costs and variable costs are removed from the total sales of the main and by-products. Fixed cost in (5) is taken as the average of the total capital investment required for the establishment of the biofuel plant, which is assumed to be fixed throughout the life- (1)
span of the plant. The variable costs involve the biomass purchase cost, transportation cost, production cost for the main product (including energy and material costs required for pre-treatment and operation), and finally the transportation cost of main, and by-products:
(5) (6) Since income is generated by the sales of the products, we determine the total income by summing the sales from the main products, and the by-products. This income is obtained by multiplying the total amount of main and by-products produced with their respective market prices. In this study, we assume that the unit market price of the main and the by-products are consistent, i.e. there is no sudden fluctuation in the market price of the products. This is shown in (8) and (9) below:
(9) The total production rate of main and by-products may vary, depending on the conversion technologies used, as well as the type of by-products. This can be seen from the case study later. Also, as mentioned previously, since by-products are produced along with the main product, it is assumed that no extra resources are needed for producing them. The biomass purchase cost is the amount paid by the plant to the biomass supplier to purchase the required biomass quantity for the production, which is considered as part of the variable costs for the plant. (10) In this research, we categorise the main product production costs into energy costs and material costs. We assume that all other necessary costs such as labour costs are included in either of these costs. Since no additional resources are needed for the production of the by-products, only MPC k,t is considered in our study: (11) (12) (13) As for transportation cost, instead of calculating unit price per distance per capacity, we use unit price per vehicle, as we believe that this is a better reflection of the real world scenario in terms of biomass and product delivery. This way, we are able to determine the number of vehicles used for the particular products. This is then multiplied by the transportation cost per unit vehicle respectively. Since the biomasses are transported to the plant individually, we look at the unit transportation cost of the biomass in terms of the plant k rather than the cultivation, as shown by equation (14) . (14) (15) (16) When comes to taxation and subsidies, the total taxation charge is related to the profit before tax as well as the government taxation rate every year. As for total subsidies, it is divided into two parts: fixed subsidy and variable subsidy. In our research, fixed subsidy is given as a function of the fixed cost, and the fixed subsidy rate provided. Variable subsidy is calculated as a return based on the total taxable charge collected:
Cultivation
Likewise for the cultivation, we first calculate the profit before tax for the biomass, by removing fixed and variable costs from the incomes. Here, incomes are made up of the sales of all biomass types with their respective sale prices in the market.
(21) (22) We formulate the variable costs for the cultivation to make up of two costs: (1) the energy costs, which are In any of the stages, we measure carbon dioxide, methane and nitrous oxide and express them into CO 2 equivalent emissions. This is done according to information from the International Panel on Climate Change. To calculate the environmental impact in monetary value, we consider the total environmental impacts from the life cycle stages in Table 2 and multiplied them by the unit price of carbon in the open market. (30) We further break down the set in Table 2 into three life cycle stages, biomass production (bp), biomass pre-treatment (bpt) and biomass transportation (bt). These stages are related to the production, processing and transportation of the biomass. To calculate the environmental impact for each of the stages, we look at the individual emission factor each of the life cycle stages in the set, and consider the capacity of the biomass produced, which is shown in (31) (31) When comes to the set pl, we will consider life cycle stages for biofuel production and biofuel transportation. As the plant produces both main and by-products, we will consider all of them in the environmental impact prospective. In this research, we assume that the environmental impact for the produced main and by-products are related to the actual production amount of products. That gives us (32): (32) Sometimes, environmental incentives are given by the government for specific type of conversion technologies used in line with the national policy. As such, we consider such incentive as a reduction in the amount of impacts produced by the technology. More specifically, the type of main product produced by the technology:
Model Constraints
In this research, we have established some constraints to aid the understanding of the model. More importantly, these constraints are responsible for limiting the results in the optimization, as well as set the criteria for the validity of these results and the data used as inputs.
To show the production process within the plant, we apply the concept of "conversion factor". We assume assumed to be water in our model, and (2) material costs, which are made up of the amount of fertilizers used for cultivation and the fuel used by the various machineries in order to produce the required amount of biomass.
As for the taxation and subsidies, we consider them in the cultivation formulation as well. Taxation is charged based on the profit before tax for the respective cultivation sites. Subsidies are given in terms of fixed and variable subsidies, which fixed subsidy is on the fixed costs invested, and variable subsidies are on the amount of tax paid. 
Environmental Model
In this research, we look at the environmental effects in terms of LCECA method. More specifically, we divide the entire SC into three main sets, namely biomass (bi), plant (pl) and credit (cd). Each of these sets is further divided into different life cycle stages. bi refers to the life cycle stages related to biomass. pl refers to the stages related to biofuel production. Finally, cd refers to any credits or additional costs imposed. This is shown in Table 2 
(35) In order for the plant production to be optimum, the amount of main products produced should be within the minimum and maximum capacity of the plant. There is a minimum capacity to ensure that the minimum quantity is met before the conversion technology can be used for efficiency purposes. Also, the amount of biomass entering the plant should be greater than zero:
Furthermore, in order to have a viable supply chain, the profit before tax for the conversion technology as well as the cultivation should be greater than zero, so that all parties within the supply chain is profitable, and thus have the commitment for the entire operation:
(38) (39) One of the most important constraints is the mass balance. The total biomass harvested from the cultivation sites should be more or equal to the total amount of biomass processed by all the conversion technologies. Nevertheless, the sum of biomass harvested should be less than the total biomass available from the cultivation sites themselves. This can be seen from (40) and (41): (40) (41) The biomass availability term in (42) is the maximum quota of collectable biomass from the cultivated land that is used for ethanol production. Not all the biomass collected is used for ethanol production as some of them are for other purposes such as land fertilization.
(42) For financial balance, the total income from selling the biomass should equal to the total biomass purchase cost of all the conversion technologies:
Next, we will present a case study to show the application of the model described above. The case study examines the use of stover as feedstock, and compares two types of biomass conversion technologies. Total of four conversion methods are compared in this case study. The objective is to find the conversion technology with the highest potential for the near future, considering between economic and environmental constraints. This case study is situated in the USA and consists of cultivation site in Minnesota, supplying stover for ethanol production. The location is chosen for its relative abundance in biomass and its easiness to process the feedstock in a bio-refinery, and actual data are used for the case study.
Case Study
The aim of research is to look for the most promising conversion technology for stover to ethanol bio-refinery plant, at the SC level, from a list of candidates. The objective is to assess the profitability (net present value) as contrasted with the environmental performance (carbon-equivalent emissions), using the same source of biomass feedstock and the availability of biomass site. Some of the important factors that are considered in this study are: (1) the composition of the stover, which is explained in the next paragraph, (2) type of the chemical processes used, (3) bio-refinery capacity and economic parameter assumptions, (4) cultivation parameters, (5) material costs for conversion technologies, and (6) conversion, energy and emission factors. Two scenarios are presented in this case study, to convert all lignin residue and products to electricity, or to sell them as by-products.
Stover consists of the residue (stalk, leaf, husk and cob) left by the harvest of cereal grain of the corn field. According to Luo et al. [27] , stover carries almost 12% of the economic value and almost 38% of the mass and energy content as compared with the corn grain parts of the cornfield harvest. It is a lignocellulosic type of biomass used as the feedstock for biofuel production and the compositions per dry matter are shown in Table 3 below. 
Conversion Technologies
Dilute -Sulphuric acid pre-treatment (P1): The pretreatment takes place at 20% w/w solids concentration, at temperatures between 165 -195°C with a 0.5-1.4% w/w H 2 SO 4 concentration [28] . Using the experimental data from Schell et al. [24] , assuming an average temperature of 175°C and an average sulphuric acid concentration of 0.95%, the cellulose (glucan) conversion gives the value of 67% and the hemicellulose (xylan) conversion 69%. According to the study by Kazi et al. [29] , the Dilute-Acid pre-treatment, amongst other pre-treatment options, gives the highest ethanol yield of 289 litres per dry ton of feedstock, which is equivalent to 0.228 t EtOH /t STOVER (using ethanol density of 0.789 g/cm 3 ).
Organosolv pre-treatment (P2):
The ethanol needed for the pre-treatment has been calculated to be 15% of the ethanol output by the plant and this has been subtracted from the conversion factor of stover to ethanol in the model. The process takes place at temperature between 150-200°C, with 0.39% sulphuric acid acting as a catalyst, the maximum ethanol concentration of 50% w/w in the aqueous solution and a liquid-to-solid ratio of 4:1 [30] . Among all the available experimental results the study of Chum et al. [30] is used in this study which considers the Organosolvation pre-treatment of wood chips [30] [31] [32] [33] [34] [35] . The capital cost for this process is more expensive than the Dilute-Acid pre-treatment, because of the additional cost of utilizing another distillation column for the solvent recovery. The Organosolv pre-treatment method is able to achieve 86.3% delignification of feedstock [30] [31] [32] [33] [34] [35] .
Soaking in Ethanol and Aqueous Ammonia pretreatment (P3): Kim et al. [23] , have experimented stover treated by the Soaking in Ethanol and Aqueous Ammonia process, using 15% w/w ammonia loading and a liquid-to-solid ratio of 9:1 and have evaluated the effects of ethanol concentration on the compositions of the pre-treatment output. They have concluded that the optimum ethanol concentration is 20% w/w, resulting in 70.1% delignification, almost 100% glucan (cellulose) and 89.6% xylan (hemicellulose) preservation [23] . As in the modelling of the Organosolv process, the costs of ethanol and ammonia have been included in the material costs of the processes. The Soaking in Ethanol and Aqueous Ammonia procedure also includes the installation of an additional distillation column for the solvent recovery, therefore it is assumed to have the same capital cost (project capital investment) as the Organosolv pre-treatment process. The ethanol yield for the Biochemical conversion with Soaking in Ethanol and Aqueous Ammonia pretreatment is taken to be slightly higher than the DiluteAcid and Organosolv processes, using 0.29 l EtOH /kg STOVER [20] , equivalent to 0.229 t EtOH /t STOVER (using ethanol density of 0.789 kg/l).
For the Biochemical conversions, the hydrolysis step requires enzyme usage of 31.3 mg protein/g cellulose and it is assumed that the enzymes are produced off-site [29] .
Thermochemical Conversion (T1): The total project investment for Thermochemical conversion process is estimated to be slightly cheaper (95.5%) than the Biochemical, yielding 89.3% of the ethanol yield in Biochemical route. Finally, in terms of energy efficiency, both processes have almost the same overall efficiency, with the Thermochemical conversion being less efficient by 5.8% (53.2% energy efficiency for Biochemical) [25] .
Bio-Refinery Capacity and Economic Parameter Assumptions
For the purpose of this study, the bio-refinery is assumed to be handling 2200 metric tonnes of dry stover per day [36] . Using 365 days of operation per year, gives a feedstock capacity of 800,000 tonnes stover per year. Using the 0.228 conversion rate (289 l/t), the plant's output capacity is about 182,400 tonnes of ethanol per annum. In US standards, the plant has a capacity of 61 million gallons (183,000 t) of ethanol [36] . A maximum and minimum capacity of 200,000 and 100,000 tonnes of ethanol per year respectively have been assumed for modelling purposes. The initial capital investment for the plant is assumed to be spread equally in the first 20 years, with the model produced illustrating the first three years of operation. An interest rate of 10% has been used to calculate the annual discount factor for the plant, and a federal tax rate of 39.2% has been adopted as the "US combined corporate tax rate" aggregated for years 2008-2010 [36, 37] . In terms of subsidies, a fixed primary subsidy of 25% has been used for year one [38] and a variable subsidy rate of 20% per year, which has been worked out from a subsidy figure of $0.51/gallon for ethanol production facilities in the US [39] .
Cultivation
The cultivation and the biomass site requirements were taken from a study by Petrolia [40] , where the economics of harvesting and transporting stover for fuel ethanol generation are investigated in the region of Martin County, Minnesota, USA, offering a total collection area of 3.6 million hectares.
In terms of the biomass availability for conversion, all the biomass produced in the cultivation site needs to be processed by one conversion plant. In order to satisfy the maximum plant capacity of ethanol output (200,000 t EtOH ) for all the four conversion technologies, a biomass feedstock capacity is generated according to the different ethanol yield of the processes. A land surface availability of 239,903 ha is needed to supply the biomass demand for the case study, with cultivation yield of 9.4 t/ha and maximum quota for collectible biomass of 40% [40, 41] .
This maximum amount of collectable biomass from the corn field has to do with the allowable soil loss levels as established by the US government to account for water and wind erosion limitations [40] . The stover collection operation data is obtained from the case study of Petrolia [40] . It involves baling stover using large rectangular balers, and this allows the 40% collection efficiency as explained above. From the same study, semi-cargo trucks achieve the transportation of stover with a maximum load for square bales of 20.3 t per vehicle. Depending on the ethanol output of our plant, which is 61 million gallons (or 0.189 hm 3 /y), a marginal transport distance of 77 km is adopted to be used downstream the modelling process [40] . The transportation cost of stover is taken as $19.94/t [42] and with the assumption of 20.3 t/vehicle, gives $404.8 per vehicle. The operational costs of the cultivation process are assumed to be comprised by the cost of water, $1.25/t STOVER , fertilizers and other nutrients, $19.27/t STOVER [43] , as well as fuel costs of $2.66/t STOVER [42] .
As far as the environmental impact of cultivating and harvesting of stover is concerned, an average value of 111 kg CO 2 /t EtOH has been used, which includes the "cradle-to-grave" emissions [44] , comprised by the three biomass life cycle stages of production, pre-treatment and transportation. According to Kim and Dale [44] , the emissions of the "continuous crop -CC" and the "continuous crop with 50% residue removal -CC50" agricultural processes have been used to quantify an average value of emissions factor. Examining the subsidies and taxation rates of the cultivation site, same values as for the conversion technologies have been used, but they were taken from different sources. For the fixed subsidy rate, a maximum grant funding of 25% has been used as the primary subsidy for year 1 [38] . For the variable subsidy rate, a value of $0.28/bushel has been used as the subsidy for stover production [45] . On a yearly basis, this is the 20% of the fixed cost of the biomass site. To account for the taxation rate, the "US combined corporate tax rate" of 39.2% has been used as aggregated for years 2008-2010 [37] .
Material Costs for Conversion Technologies
These costs derive from the chemical materials used in the different technologies. For the Biochemical processes the standard cost of enzymes used in hydrolysis is 31.3 mg protein/g cellulose (Kazi et al. [29] ) with a cost of $507/ tonne broth [29] . This is translated to $5.07/kg protein, assuming 37.4% cellulose in stover [46] .
The cost of sulphuric acid is also included in the material costs, which is $35/t [29] . Setting this up for the Dilute-Acid Biochemical process (using 0.95% H 2 SO 4 ), the material costs for the Biochemical with Dilute-Acid process (P1) is $261.57/t EtOH . For the Biochemical with Organosolv process (P2), the cost of enzymes, sulphuric acid and ethanol ($1490/t as the unit market price) have been added up, as done in Biochemical with Soaking in Ethanol and Aqueous Ammonia pre-treatment (P3), which also incorporates the cost of ammonia, assumed to be $250/t. For the Thermochemical process (T1), the material costs include the amine solution cleaning the syngas and the molybdenum-sulphide catalyst used to help the alcohol synthesis. It is assumed to cost 60% of the cost of enzymes in the hydrolysis step of the Biochemical process. Unit material costs for each conversion technology can be found in Table 4 below: 
Conversion, Energy and Emission Factors
Converting stover to ethanol yields a small variety of by-products depending on the conversion technology used. The most published conversion factor from stover to ethanol is 289 l/t of stover for the Biochemical route using Dilute-Acid pre-treatment [29] . Using the ethanol density of 0.789 t/l the ethanol this gives a conversion of 0.228 t EtOH /t STOVER . This value has been used for the Organosolv Pre-treatment alternative as well, although for the Soaking in Ethanol and Aqueous Ammonia pre-treatment a more specific ethanol yield of 0.29 litres per kilogram of stover has been adopted from Kim et al. [23] , and has been converted to 0.229 t EtOH /t STOVER . For the Thermochemical conversion process, the guideline of yielding 89.3% of the Biochemical's yield has been assumed from the study of Foust et al. [25] , giving 0.204 t EtOH /t STOVER . The conversion to ash has been assumed to be constant for all processes and a value of 0.07 has been presumed from the carbon balance present in the study of Humbird et al. [36] . The conversion factor to C3+ alcohols (propane, butane etc.) for the Thermochemical process comes from the instruction that the ratio of C3+ alcohols to feedstock energy is 0.096 [25] . Using the energy densities of feedstock (17.65 kJ/g) and the energy density of C3+ alcohols (50 kJ/g), a conversion factor of 0.034 has been evaluated. Minor quantities of sulphur generated from the processes make minimal contribution to the profitability and have not been included in the study.
We will look into two scenarios for this modelling:
Scenario 1: Converting all lignin residue and lignin product to Electricity
All the lignin (either in residue form or as pure lignin product) is burnt in the combustor/turbo-generator, to produce creditable electricity. However, this does not apply to the Thermochemical process, which does not produce any lignin. The conversion factor for electricity is given in the form of energy produced divided by the feedstock energy. In order to compare the cases, the Dilute-Acid pre-treatment is made as a base case from the study of Humbird et al. [36] . Electricity of 14.3 MW is generated per hour, with the feedstock energy being 411 MW. Therefore 0.0348 of the energy processed is generated as creditable by-product. To estimate the electricity produced by the other two Biochemical routes, the lignin energy density of 26.6 kJ/g (or 6353 cal/g) [38] has been multiplied with the extra amount of lignin product. One drawback about this method is that by using this scenario, more CO 2 is produced, increasing the emission factor for CO 2 as well as the emission factor of the technology itself. This can be found in Table 5 below. The unit energy cost of the processes under this scenario is zero. As far as the emission factors of the different technologies are concerned, the emission flow rates from the study of Foust et al. [25] , have been used. This includes the emissions from the fuel production stage. For the Biochemical with Dilute-Acid processes (P1), the CO 2 emissions are coming from the fermentation off gas, which is 27.8% wt of the feedstock flowrate. Thus 1 t ethanol gives about 1220 kg CO 2 .
For the Biochemical process with Organosolv (P2) and Soaking in Ethanol and Aqueous Ammonia pre-treatment (P3) processes, the ratio of CO 2 produced against the Dilute-Acid pre-treatment (base case) have been generated and applied to the value above (1220 kg CO 2 /t EtOH ). The emission factors for the Thermochemical (T1) process come from the CO 2 vent, and from the same study of Foust et al. [25] . This accounts for 28.4% wt of the feedstock flow rate, which gives 1250 kg CO 2 /t EtOH .
For the emissions of the fuel transportation stage, the emission standard for a "day cab class 7" of 105 g CO 2 /t per mile has been used (EPA, 2011), and using the average marginal distance of 77 km or 47.85 miles [40] . It gives the transportation emission factor of 5.024 kg/t of product carried. These can be seen from Table 6 . Scenario 2: Selling all the lignin generated In this scenario, all the lignin produced is sold as by-product, which means no electricity is generated in the process. For the Biochemical with Dilute-Acid process, the energy flow of the lignin residue going to the combustor was taken from the flow diagram of the process design report of Humbird et al. [36] , and has been used to estimate the amount of lignin residue. It is assumed that the lignin cake is 35% moisture and is capable of producing 97 Gcal. Using the energy density of lignin, a conversion of 0.118 has been generated for the Biochemical with Dilute-Acid pre-treatment process. The Organosolv and Soaking in Ethanol and Aqueous Ammonia pre-treatment alternatives give higher lignin conversion. With this scenario, the conversion factor of stover to CO 2 is reduced, and so does the emission factor of the technology. The Table 12 below. For our research, an average value of $79/t has been used for the unit market price of lignin, although we believe that by introduction of newer usage other than burning this price can increase and the result of the model may be completely different. study of Humbird et al. [36] has been used to find out the actual reduction, which states that 54% of the outlet of the combustion exhaust of the combustor/turbo-generator is coming from burning the lignin. Since no lignin is burned, the carbon outlets will be the scrubbed off gas from the fermentation step plus 46% of the outlet of the combustion exhaust. Using the overall carbon balance in the study of Humbird et al. [36] , we obtain stover to CO 2 conversion factor of 0.4. Table 7 summaries the conversion factors for all the products obtained in this research under scenario 2. The energy cost under this scenario is not zero, since a source of energy is still needed to supply the 97 Gcal/h to power the entire conversion process. As a result, a cost of $0.0572/kWh, based on the literature by Humbird et al. [36] is used to calculate the energy costs, giving a total unit cost of $381.7 per tonne ethanol by the Biochemical route, which is shown in Table 8 .
With regards to the emission factors of the different technologies, source from Foust et al. [25] has been used. The emission factors generated for scenario 1 are altered to account for the change in CO 2 conversion, presenting a notable decrease for the fuel production stage. The emissions from the stage of fuel transportation remain the same as the previous scenario (Table 9) .
In this scenario, where all the lignin generated are sold, there is an additional energy requirement for the Biochemical processes (compared to scenario one that has zero energy costs), which would have been powered by the energy of burning the lignin residue. Thus in scenario 2, a large value of energy cost ($381.7/t EtOH produced) is utilized, which comes from the grid electricity. Natural gas and coal have also been considered as cheapest alternative sources of the additional energy that is required required and biogas that can be produced from the fermentation residue is not considered. By comparing these alternative sources of energy, a table of summary is shown in Table 10 below. The Biochemical process has an energy requirement of 97 Gcal/h of energy, which would otherwise be supplied by lignin. For 1 tonne ethanol, we will need 5.7381 Gcal (or 6,673 kWh, or 22.77 million BTUs) of energy.
Different pre-treatment alternatives for the Biochemical conversion process will produce different amounts of lignin. For 1 tonne ethanol, we will need 4.39 tonne of stover which yields:
By dividing the cost of alternative source of energy by the lignin yield, we obtain a price for lignin for each of the pre-treatment methods. The lowest market price is from the natural gas, as it is the cheapest option of energy supply compared to electricity and coal. This is shown in 
Biomass Capacity
In order to depicture a comparison under constant process parameter, a common basis between the conversion technologies has to be set. Thus all conversion technologies should be producing the same amount of ethanol on a year basis (200,000 t EtOH ) in order for the processes to have the same income from the production of the main product, so that other process parameters can be compared. The different conversion factors to ethanol for the different technologies have brought about different
Other Costs for Cultivation and Conversion Technologies
For the fixed cost of the biomass site, we use the study of Petrolia [40] . For the given ethanol output (0.189 hm 3 /y) and the stover demand (649,000t), a marginal cost of $60/t has been chosen. This gives us an initial capital cost of about $39,000,000, which is assumed to be spread equally over the 20 years of operation. Therefore a cost of $1.95 million/y has been used in this case study. For the Biochemical with Dilute-Acid process, a capital cost of $164 million is needed according to Kazi et al. [29] , which means a total capital investment of $376 million is required over 20 years. The annual fix cost is set to be $18.8 million. For the Thermochemical process, we use the assumption that it is 95.5% cheaper than the Biochemical technology based on the literature from Foust et al. [25] . Thus $17 million per year is estimated in this case. For the Biochemical with Organosolv and with the Soaking in Ethanol and Aqueous Ammonia pre-treatment, same value of fixed costs have been used to account for the additional cost of the distillation column needed for the recovery of the organic solvent. Based on Kazi et al. [29] , the cost of pervaporisation-distillation pre-treatment has been used, which involves a total equipment cost of $219 million. This means total capital investment of $504 million over 20 years for both pre-treatments, thus $25.5 million/y.
The unit market prices of materials are shown in Table  13 above. They consists of unit purchase price and unit sell price of stover, unit market price of ethanol, as well as unit market prices of by-products. For the Emission trading scheme (ETS), the US 2012 carbon price has been used, which is $13.7/t CO 2 [50] . The transportation capacities per unit vehicle as well as the unit transportation costs for the biomass, main and by-products are shown in Table 14 and  Table 15 , respectively.
Results and Discussion
The case study described above has been set up as a linear programming model on the GAMS® (General Algebraic Modelling System) and has been solved using the CPLEX solver. Hand calculations have been carried out to verify the results given and have been found to be reliable. Microsoft Excel ® has also been created to aid the precise presentation of the results. Overall, the clash between economic and environmental objectives has been comprehended. biomass capacities for each process. These can be seen from Figure 3 below. It can be seen that the Thermochemical process requires the highest biomass capacity (980.4k tons of stover) because it has the lowest conversion to ethanol (0.204). Thus more stover is needed to produce the same constant amount of ethanol. Soaking in Ethanol and Aqueous Ammonia uses the least biomass (873.4k tons) since it offers the highest conversion to ethanol (0.229) among all technologies.
Profitability
The profitability of the different processes is then plotted for the different scenarios, as shown in Figure 4 and Figure 5 . From Figure 4 , the Thermochemical process gives the largest profitability. This may due to several possible reasons: -The material cost for ethanol production by the Thermochemical route is very low compared to other technologies, making the variable costs of this process 10-20 million $ per annum less. -The fixed cost of the Thermochemical process is 95.5%
cheaper than the Dilute-Acid Biochemical processes and also much cheaper than Organosolv and Soaking in Ethanol and Aqueous Ammonia.
The profitability of Organosolv and Soaking in Ethanol and Aqueous Ammonia are lower compared to the other technologies. This is because of the increase in material costs, especially the cost of ethanol and ammonia solvents used within the pre-treatment method. Also, the high initial capital investment may contribute to the low profit. This is because Organosolv and Soaking in Ethanol and Aqueous Ammonia need the extra cost in their pretreatment stages to account for the solvent recovery. An additional distillation column and energy are necessities, thus contributing to the additional large fixed cost. Compared to the first year, the profitability is lower in the second and third year. It is because fixed subsidies for all conversion technologies only apply to the first year, but the taxation and variable subsidy rates are constant throughout the three years of operation. Under scenario 2, same trend of profitability is observed since none of the parameters are changing. The profitability of the Biochemical routes has been reduced by almost half, and this is because of the additional energy costs ($381.7/t EtOH ), resulting by the need of adopting an alternative source of energy to power up the process. Even though all lignin is sold as by-product, the sales are not high enough to cover the energy costs required. It can be seen that the profitability of Organosolv and Soaking in Ethanol and Aqueous Ammonia pre-treatment is lower than that of dilute-acid. This is because of the additional fixed and variable costs of the delignification processes stated above. The profitability of the stover biomass site is also modelled and plotted for reference purposes. It exhibits a constant trend under both scenarios as expected.
Environmental Impact and Eco-Costs
The emission factors of each conversion technology have been plotted in Figure 6 to aid the understanding of the environmental cost contribution of each process, under the two different scenarios.
It can be seen that in scenario 1 above, where all lignin by-product is burnt to produce electricity (in Biochemical route), the emission factor is high for all three Biochemical processes, since more CO 2 is emitted to the atmosphere. This is especially true for the Biochemical with Organosolv pre-treatment. Its emission is higher than that of the Thermochemical process as it produces the largest amounts of lignin. However, in scenario 2, Biochemical with Organosolv pre-treatment has significantly low emission factor, which makes it a potential good technology for the future. The environmental costs are plotted in Figure 7 below.
When comes to the environmental costs, the cost for the Thermochemical process is higher than all the Biochemical ones in both scenarios. Under scenario 2, the costs drop significantly on the Biochemical processes since no CO 2 is produced from the lignin by-product. The Biochemical with Organosolv pre-treatment process gives the lowest environmental cost (impact) compared to the other Biochemical pre-treatments under scenario 2. The Thermochemical process appears to be the least environmentally friendly one. 
Sensitivity Analysis
In this research, we take a common basis of constant ethanol production rate, which has resulted in different biomass capacities for each conversion plant according to the conversion factor of each technology. The biomass capacities are given to each technology according to their characteristics such as conversion factors, fixed and variable costs etc. In our case, with four different conversion technologies being modelled and four identical cultivation sites providing to the biomass, it has caused confusion in distributing the total amount of biomass equally.
In order to see the effect of variable ethanol production rate, we level the amount of biomass going to all the conversion technologies. The result is shown in Figure 8 below. From the figure, Thermochemical process presents the lowest ethanol production rate, since it has the lowest conversion factor to ethanol.
In terms of profitability for both scenarios, Figures 9 and Figure 10 display some unique characteristics respectively. From Figure 9 , the profitability of the Biochemical processes for scenario 1 has increased, due to the ethanol production rate. Therefore the income from the sales of the main product (ethanol) is higher. However, the profitability of the Thermochemical process has been reduced, since a lower ethanol production rate is incorporated.
In Figure 10 under scenario 2, same trend as the original result ( Figure 5 ) is observed, with the Thermochemical process presenting the largest profit after tax, and no process parameters have been changed. In the case of Biochemical processes, the profitability of Organosolv and Soaking in Ethanol and Aqueous Ammonia pre-treatment is lower than that of dilute-acid, because of the additional fixed and variable costs required for the delignification processes. 
Conclusion and Future Work
In this paper, we present an optimization study of on biomass to ethanol supply chain. The study takes into consideration economics and environments as primary objectives. Our aim is to maximize the economic gain as well as the process yield of the biomass to ethanol conversion technologies, yet minimize the environmental impacts from the supply chain prospective. Process yield is considered in terms of main and by-products incomes, and various costs such as biomass costs, fix and variable costs, taxations, subsidies, as well as distribution costs are all considered in the model. The entire supply chain is divided into several life cycle stages and the greenhouse gas emission of each stage is calculated, based on the process yield. This environmental impact is then converted into carbon-equivalent units and monetary value, adding to the existing financial objectives.
A case study in Minnesota, USA, is presented comparing the efficiency of Biochemical conversions and Thermochemical conversion from stover to ethanol and other by-products. Dilute-Sulphuric acid, Organosolv and Soaking in Ethanol and Aqueous Ammonia pretreatment methods from the Biochemical conversions are investigated together with Thermochemical conversion and the technology with the highest future potential is identified using the mathematical model setup above. Two scenarios are setup to look into the effects of heat and power generation via lignin as well as simply selling the lignin as one of the by-products. Sensitivity analysis is also performed to evaluate the performances of the conversion technologies under constant stover inputs.
Based on the result obtained, the profitability of the Thermochemical process and the Biochemical with Dilute-Acid pre-treatment are almost equal. There are differences, especially across the boundary of constant biomass capacities, but the difference is negligible. The advantage of the Biochemical processes against the Thermochemical is that they have more degrees of freedom in terms of altering the destination path of their by-product (especially lignin). This potentially reduces their environmental impact, compared to the standard practice of the Thermochemical process. The delignification pre-treatment processes (Organosolv and Soaking in Ethanol and Aqueous Ammonia), seem to have a great opportunity in optimizing their environmental performance, although they are not as profitable as the other conversion technologies, because of the high fixed and variable costs required.
Overall, it can be concluded that currently, Dilute-Acid pre-treatment process is still the most profitable method. However, Organosolv pre-treatment process is the most promising technology for the future since it captures most of the lignin present in the feedstock, which is a significant source of CO 2 emissions. The higher costs of the Organosolv pre-treatment are coming from the additional distillation and recovery of the organic solvent. If these processes can be simplified and made more efficient in future with the advance in technology, the costs can be reduced and it would be as much economically efficient as it is environmentally.
At present, 1 st and 2 nd generation biomass to biofuel production are still under extensive research to improve its yields, economic and environmental capabilities. Comparing the biofuel production technologies at the supply chain level provides an insights on not only the capabilities of the plant itself, but also the overall supply chain as the rest of the components in the supply chain are highly required for the production of biomass to biofuel to be implemented and operational in the real world.
Since the model presented in this paper is designed as a generic supply chain model, it can be further extended to compare different biofuel production technologies in the future as well, to evaluate the economic gain together with the environmental impacts. This will aid the validation of the model, over a wide range of case studies. Other economic and environmental criteria such as location-allocation in terms of transportation component and centralised/decentralised distribution for supply chain can also be potentially added for more sophisticated optimization. Linear programming mathematical formulation can be expanded to include techniques such as mixed integer linear programming and mixed integer non-linear programming. The results of such a formulation should be carefully validated using the past literature reviews.
